Low glycaemic index (LGI) foods have been proposed as potential means to decrease postprandial glucose excursions and thus to improve diabetes management. We modulated glucose availability of cereal products and thus their glycaemic index to study the metabolic effect of LGI foods on daylong glucose control acutely and in the long term following a 5-week GI intervention diet in free-living subjects. In this randomised, parallel trial, two groups of nineteen overweight subjects followed an ad libitum 5-week intervention diet in which usual starch was replaced by either LGI or high GI (HGI) starch. During the exploration days (days 1 and 36), subjects ate their assigned 13 C-labelled test breakfast (LGI or HGI), and total and exogenous glucose kinetics (using stable isotopes), postprandial concentrations of glucose, insulin, lipid profile and nutrient oxidation were assessed after the test breakfast and a standardised lunch. At day 1, LGI breakfast significantly decreased post-breakfast glycaemic response with a parallel decrease in exogenous and total glucose appearance (P, 0·05). Post-lunch and post-breakfast glycaemic responses were positively correlated (r 0·79, P,0·0001). Following the 5-week diet, difference between the groups in terms of glucose kinetics and response was maintained (no significant interaction group £ time) but tended to decrease over time for the post-breakfast glycaemic response. Post-lunch and post-breakfast glycaemic responses remained positively correlated (r 0·47, P¼ 0·004). Modulation of postprandial glucose availability at breakfast decreased plasma exogenous glucose appearance and improved glucose control at the subsequent lunch. After 5 weeks, these effects were maintained in healthy subjects but remained to be confirmed in the longer term.
Rising postprandial glucose excursions are associated with greater risk of developing metabolic disorders, CVD and diabetes (1) . There has been a growing interest over recent years in the relation between the consumption of low glycaemic index (GI) or reduced glycaemic load (GL) products and their effect on the management of postprandial glycaemic profile as they have been proposed as potential tools to improve management of diabetes mellitus or to decrease risks of heart disease (2 -4) . The intake of low GI (LGI) diets is associated with improved glycaemic control, more particularly among subjects with the poorest glycaemic control (5) . Several studies have shown that low GI diets could enhance glucose tolerance with a corresponding improvement in insulin sensitivity. More particularly, low GI meals have been shown to improve acute postprandial glucose tolerance and reduce insulin response, also at a subsequent meal (the 'second-meal effect') (6 -10) . But, evidence is missing as to conclude that the acute reduction in blood glucose response elicited by low GI foods may persist in the long term, as already reported (11) . Some studies showed differences in HbA1c after LGI intervention (12) , whereas some other studies did not show any effect on HbA1c in type 2 diabetic subjects with optimal glycaemic control (13) . According to several authors (14, 15) , the lower glycaemic response effect produced by low GI products could be due to a slower rate of appearance of glucose in the systemic circulation. A classification has been proposed to characterise the different carbohydrate fractions by separating them into rapidly available glucose and slowly available glucose (SAG), reflecting the rate at which glucose becomes available for absorption in the small intestine (16) . A high correlation has been shown between the GI of a product and the percentage of rapidly available glucose in this product measured in vitro (16) . Such SAG-rich products could be considered as lente carbohydrates and thus are candidate tools to regulate daylong glycaemic and insulinaemic profile. The modulation of postprandial metabolic profile and more particularly of insulin response could consequently modify insulin action on fuel partitioning, glucose uptake and carbohydrate and lipid oxidations. Few intervention studies have been undertaken on the effects of dietary GI, GL or SAG on these metabolic parameters in healthy overweight adults, despite the higher relative risk of insulin resistance and type 2 diabetes in this population (17) . Therefore, we investigated the short-and long-term (5 weeks) effects of an ad libitum low GI (LGI) or HGI diet on glucose metabolism and nutrient utilisation in overweight subjects. We determined the metabolic effect of GI and its evolution over time (weeks) by thorough analysis of glucose kinetics, insulin and lipid profiles and nutrient oxidation in response to breakfast and subsequent lunch. Preliminary results of the effect of these diets on anthropometric parameters and lipid profile have been previously published showing that the 5-week LGI diet improved weight control and cholesterol profile (18) . Specific cereal processing techniques have been set up in order to produce slowly and rapidly available starchy products with exactly the same nutrient composition but differing in GI only. The follow-up of postprandial glucose kinetics (exogenous and endogenous) was performed using glucose-stable isotope analysis, after the ingestion of a 13 C-labelled LGI (SAG-rich) or HGI (rapidly available glucose-rich) breakfast before and after the GI dietary intervention. The metabolic adaptation to a 5-week GI dietary intervention was studied through the postprandial metabolic response to a HGI or a LGI breakfast and to a subsequent lunch in order to detect a potential 'second-meal' effect.
Subjects and methods

Experimental design
This was a parallel, randomised group trial. The two groups of non-diabetic overweight subjects followed an ad libitum 5-week dietary intervention in which they were asked to replace all starches in their routine diet by either LGI or HGI starchy foods. Both types of diets were randomly allocated according to the CONSORT guidelines.
One week before the two test days (day 1 and day 36), the subjects were asked to avoid nutrients known to be enriched in 13 C (maize starch and oil, cane sugar, tropical fruits and canned foods). Twenty-four hours before D1 and D36, the subjects were asked to limit physical activity, drink no alcohol-containing beverage and eat a normal evening meal.
Subjects came to the Centre de Recherche en Nutrition Humaine de Rhône-Alpes, at Hôpital Edouard Herriot on the test day at 06.30 hours following a 12-h overnight fast.
On D1 and D36, body weight was measured with a graded scale (SECA q , Valenciennes, France). Intravenous cannulas were inserted into deep forearm veins in both arms for tracer infusion on one side and blood sampling on the other side. A primed, continuous infusion of D-[6,6-2 H 2 ] glucose (0·0570 mg/kg per min) was started 120 min before breakfast was eaten and was maintained for the next 270 min to determine the total rate of glucose appearance (RaT). The priming dose was eighty times the infusion rate over 1 min. At time 0, subjects ate the test breakfast (either LGI or HGI breakfast, composition in Table 1 ) in 15 min. Blood samples were taken at baseline and sequentially every 15 min until 90 min, then every 30 min until 270 min following ingestion of the meal and were used to determine glucose, TAG, NEFA, insulin and C-peptide concentrations and deuterium and 13 C glucose isotopic enrichments. At 270 min, a standardised HGI lunch was served to the subjects and ingested in 30 min (composition in Table 1 ). Blood samples were taken sequentially every 30 min until 480 min and were used to determine glucose, TAG, NEFA and insulin and C-peptide concentrations. Blood was collected in tubes maintained at 48C and immediately centrifuged. Plasma was then stored at 2 208C until assay. V O2 and CO 2 production were monitored by indirect calorimetry (Datex Instruments, Helsinki, Finland) after breakfast ingestion (T15 -T270 min) and after lunch ingestion (T300-T480 min) in order to calculate total carbohydrate, lipid oxidation and respiratory exchange rate.
Subjects remained in the supine position for the duration of the study except when required to void urine (urinary nitrogen measured three times: at baseline (T120 min); post breakfast (T270 min); post lunch (T480 min)).
Subjects
As described previously, a power calculation based on change in body weight (1 kg, SD ¼ 1 kg) as primary study endpoint was done; seventeen subjects per group provided . 80 % power to detect a significant difference in weight loss between groups at the P,0·05 level (18) . The pre-inclusion tests were performed on sixty-eight volunteers who responded to the recruitment campaign. Each subject underwent a screening inclusion test including measurements of body weight, height, blood pressure, waist and hip circumference; an interview regarding general health; blood sample collections (blood differential count, glycaemia, transaminases, gGT, total cholesterol, HDL and LDL cholesterols and TAG). Eating habits were also explored through dietary surveys, including consultation and advice by a trained dietitian, and dietary records. The inclusion criteria for the study were men and women aged 20-60 years, BMI 25 -30 kg/m 2 , stable body weight over the previous 3 months, normal results for pre-inclusion biological tests, sedentary or moderate physical activity and routine breakfast representing 10-25 % of the daily energetic intake. Thirty-eight healthy overweight subjects (nineteen men and nineteen pre-menopausal women), aged 38·3 (SD 9·2) years, weighing 77·3 (SD 9·1) kg and with a BMI 27·3 (SD 1·5) kg/m 2 (means and standard deviations) were recruited for the study.
The subjects were randomised into two groups as follows: nineteen subjects in the LGI diet group (nine men and ten women) and nineteen subjects in the HGI diet group (eleven men and eight women).
All the subjects received written and oral information about the protocol and signed an informed consent document. The study was approved by the Scientific Ethics Committee of Lyon (CCPPRB Lyon A) and was in accordance with both the French 'Huriet-Serusclat' law and the Second Declaration of Helsinki. The characteristics of the thirty-eight subjects are presented in Table 2 . There were no significant differences between groups at baseline.
Experimental diets
The detailed composition of the 5-week dietary intervention, the test foods and breakfasts was described previously (18) . Briefly, foods were considered as having a low GI whenever GI , 50 % and a high GI whenever GI . 70 %. In the present study, the subjects received individual guidance by a trained clinical dietitian in order to implement their intervention diet, and compliance to diets was strictly controlled by dietary questionnaires. Part of the starchy products was supplied by the CRNHRA and Danone Vitapole q . The food provided consisted in cereal breakfast products (extruded cereals for the HGI group and plain biscuits for the LGI group), and in black bread (Harris q pumpernickel) for the LGI group. According to their diet group, a detailed list was given to the subjects indicating the starches they were allowed to eat and the prohibited ones (Table 3) . Subjects were asked to continue eating the same amount of starch as usual. They were also asked not to modify their dietary habits regarding the amount of food eaten, food patterns and the amount of fruits and vegetables eaten. The subjects were instructed to measure and record the exact amount eaten each day by using a 5-day food diary during the pre-inclusion period (D7-D11) and on weeks 3 (D16-D20) and 5 (D31 -D35) of the study. Ingested quantities were evaluated by the dietitian using a SU.VI.MAX q dietary photographic support. The macronutrient content of the test foods and 5-day dietary records was calculated using a computerised food database that included specific product -ingredient lists and recipes for test foods (latest release of GENI q software by MICRO 6 q using CIQUAL w table). For the mean GI calculation of all meals from food diaries, GI data are based on the international table of GI and GL values (19) . LGI diet group (n 19)
Breakfasts
The breakfast products provided during the intervention trial consisted of plain biscuits (LGI) or flakes (HGI). The LGI breakfast consisted of standard biscuits (80 g), semi-skimmed milk (180 ml) and non-energetic hot beverage (max 300 ml). The HGI breakfast consisted of flakes (80 g), semi-skimmed milk (180 ml) and non-energetic hot beverage (max 300 ml). The composition of the two test meals is given in Table 1 . Biscuits and extruded cereals contained different quantities of SAG, 26 and 0·4 %, respectively. The two breakfasts represented about 20 % of daily energy intake. They were isoenergetic (about 1803·30 kJ) and contained the same amount of proteins (12 %), lipids (26 %) and carbohydrates (62 %). The only variable parameter was the GI (45 and 70 % for
LGI and HGI breakfasts, respectively). Both cereal products were processed by Danone (Danone Vitapole, Paris, France). Both cereal products (biscuits and flakes) ingested on the test days (D1 and D36) were exactly the same composition as those ingested during the trial, but they were uniformly labelled with stable isotope 13 C. For this purpose, they were manufactured with starch coming from a preparation of durum wheat semolina cultivated in a 13 CO 2 -enriched atmosphere, mixed with naturally rich 13 C sugarcane. 13 C enrichment of starch was adjusted to 13 C sugarcane enrichment. D-[6,6-2 H 2 ] glucose (99 mol% excess) was obtained from Eurisotop (Gif-sur-Yvette, France); chemical and isotopic purity was confirmed by selected-ion-monitoring GC MS analysis. It was dissolved in sterile isotonic saline (0·9 % NaCl) and passed through a 0·22-mm millipore filter (Millipore Corp., Bedford, MA, USA) before infusion. The preparation was pyrogen free. The concentration of deuterated glucose in the infusate was determined at the end of each test.
Analytical procedures
Metabolites and hormones. Blood samples were collected in tubes containing lithium heparinate and then centrifuged at 3645 g and 48C for 10 min, and the plasma was stored at 2208C until analysis. Glucose, TAG and NEFA concentrations were measured with an enzymatic colorimetric method on a Cary 50 Bio q spectrophotometer (Varian q ) using a BioMérieux q Glucose RTU kit (Marcy l'Etoile, France), a BioMérieux q TG PAP 150 kit and a Wako chemicals q NEFA-C kit (Neuss, Germany), respectively. Plasma insulin and C-peptide concentrations were determined by RIA kit (INS-IRMA Biosource, Nivelles, Belgium; Immunotech, Marseille, France, respectively).
Indirect calorimetry. Respiratory exchange measurements were integrated after breakfast ingestion and the non-protein RQ was calculated from VO 2 , VCO 2 and measured urinary nitrogen excretion determined by chemiluminescence (20) . Total carbohydrate and lipid oxidation were calculated according to the equation developed by Ferrannini (21) . Isotope analysis. Plasma glucose isotopic enrichments were determined on neutral fractions of deproteinised plasma samples partially purified over sequential anioncation exchange resins, as previously described (22) . Plasma [6,6-2 H 2 ]glucose was measured by organic GC-MS (Hewlett Packard 5971, Evry, France) on acetyl-bis-butane-boronyl glucose derivative using an electron impact mode and a selective monitoring of m/z 297 and 299 (23) . Plasma 13 C glucose enrichment was measured by GC-combustion-isotope ratio MS (GC-C-IRMS, Isoprime, GV instruments, Lyon, France) after derivatisation to pentacetyl glucose, as previously described (24) . The 13 C enrichment of ingested starch (biscuits and cereals) was determined after enzymatic hydrolysis using the Thivend method (25) , and the glucose obtained was purified by sequential anion -cation exchange chromatography before derivatisation as glucose pentacetate and analysed as previously described (26) . The 13 C enrichment of the derivatised glucose molecule was 2 34·59 (SD 0·65) d 13 C ‰ (1·07 320 (SD 0·00 071) atom % 13 C) and 2 35·72 (SD 0·42) d 13 C ‰ (1·07 196 (SD 0·00 046) atom % 13 C) for biscuits and cereals, respectively.
Calculations
Mean GI of all meals taken in a day was determined using the following equation:
where C food is the amount of carbohydrate (in grams) contained in each ingested food and C total the total amount of total carbohydrate (in grams) ingested during the day. Mean GI targets were defined as , 50 for the LGI group and . 70 for the HGI group. GL were also determined by multiplying the total amount of total carbohydrate (in grams) by the mean GI for each food and adjusted for energy intake:
The rates of glucose appearance were calculated from plasma [6,6-2 H 2 ]glucose enrichment (RaT; T for total glucose) and from plasma 13 C glucose enrichment (RaE; E for exogenous glucose) using Steele's equation for non-steady state (27, 28) as previously described (22) . Endogenous glucose production (EGP) was calculated as RaT-RaE.
Postprandial data were also assessed as area under the curve (AUC) calculated using the trapezoidal method and integrated throughout the experiment (0 -480 min) and between 0-270 min and 270-480 min. Incremental AUC (iAUC) were calculated using GraphPad Prism (version 4.03; GraphPad Software, San Diego, CA, USA). Glucose peaks were calculated as the maximum glucose concentration following breakfast or lunch ingestion for each subject (consequently it does not correspond to the same time point for each subject).
Statistical analysis
The results are expressed as means with their standard errors. For each parameter, normality was checked before testing. Statistical significance was inferred at P, 0·05. Differences between groups at baseline and at day 1 were assessed using the Student's unpaired t test.
For postprandial responses, a two-way ANOVA, followed by Bonferroni adjustment was used to compare postprandial peaks and nadir values, as well as AUC, between the groups from day 1 to day 36 and evaluate the main effect of group (LGI compared with HGI), the main effect of the time (before dietary intervention compared with after dietary intervention) and the group £ time interaction.
When there was a significant group £ time interaction, the difference within group between day 1 and day 36 was analysed using the Student's paired t test. When GI, GL and change in body weight over the 5 weeks were used as covariates, same statistical results were obtained for the comparison of metabolic parameters from day 1 to day 36 between the groups. Correlation between variables was studied using the Z-test.
All statistical analyses were performed using Statview v 5.0 (SAS Institute, Cary, NC, USA) software.
Results
Dietary survey data, mean glycaemic index and mean glycaemic load These results have been described previously (18) . In summary, the diets were well accepted and tolerated by the subjects, and the dietary surveys indicated good compliance of subjects in both the groups. In comparison with the HGI group, the LGI group presented a trend to increased satiety before lunch, but this was not significant.
While there were no significant differences in GI and GL between groups at baseline, after a 5-week nutritional intervention, the LGI group reached the defined LGI target (46·5 (SEM 0·3) for ,50) with a significant decrease in mean GI (P¼0·001). In the HGI group, the defined HGI target (66·3 (SEM 0·6) for . 70) was not reached; GI remained high and was not significantly different to baseline value. The difference in mean GI between the LGI and HGI groups was significant after 5 weeks of diet (P¼0·0001). There was no significant variation in energy intake, protein, fat and carbohydrate distributions in both the groups during the trial or between groups at baseline and after 5 weeks of nutritional intervention. There was no difference in dietary fibre intake between groups at baseline. However, the dietary surveys did show a significant increase in dietary fibre intake in the LGI group (P¼0·0001), while no significant difference was noticed in the HGI group. No subject was reported as underreporting when using Goldberg's cut-off limits (29) .
Comparison of the acute postprandial responses to a low glycaemic index or high glycaemic index breakfast and a standardised lunch Metabolites and hormones. There was a significant difference in glycaemic response between the HGI and the LGI groups over the 270 min after ingestion of the two kinds of breakfasts ( Fig. 1(a) ). In fact, glucose peaks and glycaemia curves between T30 and T180 min were significantly lower in the LGI group than in the HGI group (glucose peak: 7·06 (SEM 0·29) mmol/l in the LGI group v. 7·85 (SEM 0·17) mmol/l in the HGI group). Consequently, the glucose AUC and the glucose iAUC following LGI breakfast were significantly lower (8 and 33 %, respectively, P¼0·01). Means with their standard errors plasma glucose concentration and (a) and plasma insulin (b) for 480 min after subjects ingested either a low glycaemic index breakfast (K, n 19) or a high glycaemic index (HGI) breakfast (O, n 19) at days 1 and 36 following GI intervention. A standardised HGI lunch was ingested at t ¼ 270 min. At day 1, an unpaired t test showed a significant difference between groups for the post-breakfast glucose peak and 0-270 min glucose area under the curve (AUC; * P, 0·05) but no difference between groups for post-lunch glycaemic response or insulinaemic response. Using a two-way ANOVA, a significant main effect of group for the post-breakfast glycaemic peak (P¼ 0·01) and a significant interaction group £ time for the post-lunch insulin peak (P¼0·02) and insulin AUC (P¼ 0·05) were seen throughout the 5-week intervention.
Before the standardised HGI lunch, there was no significant difference between the groups in glucose concentration, which had returned to baseline. Following lunch ingestion, there was a trend to reduced glycaemic response in the LGI group when compared with the HGI group, but this was not significant when considering either the glycaemic peak or the glucose AUC or iAUC (using post-breakfast AUC as covariate). The post-lunch glucose AUC was positively correlated to the post-breakfast glucose AUC and to the T270-min glucose concentration just before lunch (r 0·79, P, 0·0001 and r 0·38, P¼0·02, respectively). There was also a significant positive correlation between the post-breakfast glucose AUC and the postprandial glucose peak at lunch (r 0·51, P¼0·002; Table 4 ). Plasma insulin response tended to be lower after the LGI breakfasts but this was not significant when considering insulin peak and AUC. Insulin concentration was not different between the groups at T270 min and insulinaemic response to the lunch was similar for both the groups. Concerning plasma C-peptide concentration, response to the LGI breakfast was lower than that of the HGI breakfast, but the difference was not significant (data not shown).
There was no difference between the groups in lipid profile in response to breakfast and subsequent lunch. Plasma NEFA as well as TAG concentrations during the trial (data not shown) were not altered by the type of breakfast ingested. At T270 min, just before lunch ingestion, there were no significant difference between NEFA concentrations in either group; these parameters had not returned to baseline values at T480 min.
Glucose turnover. Fig. 2 shows the changes in RaE (Rate of appearance of Exogenous glucose), RaT (Rate of appearance of Total glucose) during the 270-min test after the ingestion of the HGI or of the LGI breakfast. RaE kinetics was dramatically altered by the kind of breakfast ingested, as seen in Fig. 2(a) . After the HGI breakfast, the rate of exogenous glucose appearance reached a peak at T30 min (4·08 (SEM 0·25) mg/kg per min) and then decreased slightly. After the LGI breakfast, the RaE increased to T45 min and then remained steady (, 2·5 mg/kg per min). The overall rate of exogenous glucose appearance integrated over 270 min (AUC) was also significantly different between the groups: 58·5 (SEM 3·2) g/270 min of exogenous glucose appeared in plasma after the HGI breakfast v. 38·3 (SEM 1·9) g/270 min after the LGI breakfast (P, 0·0001). The kinetics of disappearance of exogenous glucose was parallel to the RaE kinetics, and there was also a significant difference in the rate of disappearance of exogenous glucose AUC between the groups (P, 0·0001, data not shown).
The RaT increased in parallel in the two groups following breakfast ingestion with a peak at T30 min. Then RaT decreased until T270 min in both the groups, but remained steadier in the LGI group. After integration of the area under the RaT curve, we calculated the estimated quantity of total glucose which appeared in plasma over the 270 min following breakfast ingestion. The quantity of total glucose appearing in plasma following LGI breakfast was significantly lower than that following HGI breakfast (RaT AUC: 62·2 (SEM 2) g/270 min in the LGI group v. 68·4 (SEM 2) g/ 270 min in the HGI group, P¼0·03).
Similarly, the overall rate of disappearance of total glucose was significantly lower in the LGI group (P¼0·03; data not shown) and the RdT kinetics remained parallel to RaT kinetics in all the groups (data not shown).
EGP was calculated by subtracting RaE from RaT at each time point. As a consequence, EGP appeared to be significantly less inhibited after the ingestion of the LGI breakfast (P, 0·003). Over the 270 min of the test, the quantity of EGP was 24·8 (SEM 1·8) g/270 min for the LGI breakfast, whereas it was 16·4 (SEM 1·9) g/270 min for the HGI one (data not shown).
Substrate oxidation. There was significant lower total carbohydrate oxidation after the LGI breakfast (39 (SEM 2) in the LGI group v. 45 (SEM 3) in the HGI group). But no significant differences were found between breakfasts with regard to total lipid oxidation. There were no differences between the groups in total carbohydrate and lipid oxidation after lunch ingestion (270-480 min; data not shown).
Effect of a 5-week low glycaemic index or high glycaemic index diet on postprandial responses to a low glycaemic index or high glycaemic index breakfast and a standardised lunch Metabolites and hormones. When considering glucose response to breakfast, there was no significant group £ time interaction for the post-breakfast glucose AUC and glucose iAUC, no main effect of time or of group for the glucose AUC. There was a significant main effect of group and of time for the glucose iAUC (between day 1 and day 36, þ 31 % in the LGI group and þ15 % in the HGI group, P¼0·01). There was a significant effect of group for the post-breakfast glycaemic peak (glucose peak at day 36: 7·37 (SEM 0·21) mmol/l in the LGI group v. 7·92 (SEM 0·28) mmol/l in the HGI group, P¼0·01). At day 36, postbreakfast glucose AUC and glucose iAUC were lower in the LGI group compared with the HGI group but this was not significant (P¼0·4 and 0·06, respectively). Following lunch ingestion, there was no main effect of group and no significant group £ time interaction for glucose response, but there was a Table 4 . Correlation in the whole study group between post-breakfast glucose response and post-lunch glucose response at days 1 and 36
Day 1
Day 36 r p R p AUC glycaemia post-lunch £ AUC glycaemia post-breakfast 0·79 , 0·0001 0·47 0·004 AUC glycaemia post-lunch £ glycaemia T270 0·38 0·02 0·19 0·24 Glucose peak at lunch £ AUC glycaemia post-breakfast 0·51 0·002 0·33 0·04
r, correlation coefficient; AUC, area under the curve.
significant time effect for the post-lunch glucose peak and for the post-lunch glucose AUC and iAUC (P¼0·04, 0·01 and P, 0·0001, respectively). On day 36, post-breakfast glucose AUC was positively correlated to post-lunch glucose AUC (r 0·47, P¼0·004), as well as to the postprandial glucose peak at lunch (r 0·33, P¼ 0·04). With respect to insulin response to breakfast, there was no significant group £ period interaction and no main effect of group or time, either for the insulin peak or the post-breakfast insulin AUC. After lunch ingestion, there was a significant group £ period interaction for the insulin peak (P¼0·02) and for the post-lunch insulin AUC (P¼ 0·04). For the LGI group, post-lunch insulin peak and post-lunch insulin AUC were significantly higher at day 36 when compared with day 1 (P¼0·04 and 0·01, respectively). But there was no difference in post-lunch insulin peak or post-lunch insulin AUC between the groups at day 36.
No group £ time interaction and no main effect of group or time were found for C peptide, NEFA and TAG concentrations (baseline concentrations and postprandial responses, data not shown).
Glucose turnover. No significant group £ time interaction and no main effect of time were found for the RaE and rate of disappearance of exogenous glucose, but a significant main effect of group appeared over the 5-week intervention dietary trial (P, 0·0001). At day 36, the RaE and rate of disappearance of exogenous glucose curves and associated AUC were still significantly lower in the LGI group (P¼0·0004). In the same way, there were no significant group £ time interaction for the RaT and RdT and no main effect of time, but there was a significant main effect of group (P¼0·06 and 0·05, respectively). The RaT and RdT curve remained lower in the LGI group at days 1 and 36, but the difference between the groups at day 36 was no longer significant (P¼0·1). As for EGP, no significant group £ time interaction and no main effect of time was found, but a significant main effect of group (P¼0·01) remained. Following the 5-week dietary intervention trial, EGP in the LGI group tended to remain less inhibited at day 36, but this was no longer significant (P¼0·07; data not shown).
Substrate oxidation (data not shown). There was no main effect of group or of time and no significant group £ period interaction, when considering carbohydrate or lipid oxidation (baseline and following breakfast and lunch). Carbohydrate oxidation decreased in the two groups after the 5-week diet, but the differences between day 1 and day 36 in each group , (a) ), of exogenous glucose (RaE, (b)) after subjects ingested either a low glycaemic index breakfast (K, n 19) or a high glycaemic index (HGI) breakfast (O, n 19) at days 1 and 36 following GI intervention. At day 1, an unpaired t test showed a significant difference between groups for the post-breakfast rate of appearance of exogenous glucose (RaE) area under the curve (AUC) and rate of total glucose appearance (RaT) AUC (* P, 0·05). Using a two-way ANOVA, a significant main effect of group for the RaE AUC, RaT AUC and endogenous glucose production AUC was seen throughout the 5-week intervention (P, 0·0001, 0·0001, P¼ 0·01, respectively).
were not significant. In parallel, lipid oxidation was significantly increased in the HGI group between day 1 and day 36 (P¼0·04); the increase in the LGI group was not significant.
Discussion
In the present study in healthy subjects, a LGI breakfast rich in SAG decreased acute postprandial glucose availability and metabolic response compared with a HGI breakfast. The postprandial glucose response to the breakfast appeared to determine glucose response to the subsequent lunch. This effect of the LGI breakfast on glycaemic response was not accentuated by the 5-week LGI intervention diet.
The cereal products ingested for breakfast did not differ in macronutrient distribution and quantity but differed in term of SAG composition and thus in term of GI as previously shown (16, 30, 31) . These properties are correlated to in vitro starch digestibility and are dependent of processing (32) . This way, the observed effect could not be attributed to a modification in protein or lipid content. The present study, thanks to the monitoring of glucose kinetics, provides evidence that the SAG content of the LGI breakfast induced a significant decrease in exogenous glucose appearance, which contributed to the LGI effect. In parallel, EGP was less inhibited and balanced the total glucose response. Indeed, differences in EGP, due to the physiological glucose regulation in healthy subjects, lowered the final impact on glycaemia. This compensatory effect may not be observed in diabetic subjects, and this could explain the improvement in glucose control with low GI diets in diabetic subjects or in subjects with poor glycaemic control. In the present parallel study, the subjects consume either the LGI or the HGI breakfast. Thus, to adjust for inter-individual differences, iAUC was calculated and the same statistical results were obtained. Previous studies using glucose-stable isotope analysis have tried to explain the moderate glycaemic response associated to low GI products in term of plasma glucose appearance and disappearance. Comparing the ingestion of breakfasts with different GI, Schenk et al. (15) showed that the different GI of breakfast cereals could be partially related to the different rates of glucose removal from blood by tissue as a result of stimulation of insulin secretion and not to the difference in glucose appearance in plasma. But in another study, in which exogenous and endogenous glucose kinetics were measured, the addition of b-glucan to a polenta meal did prolong insulin secretion and reduced glycaemic response and the rate of appearance of exogenous and total glucose, with no significant alteration in the rate of glucose disposal (33) . In the present study, the ingestion of the LGI breakfast induced a decrease in both the appearance and removal of exogenous and total glucose, suggesting that different GI could be related to both metabolic mechanisms.
In the meta-analysis conducted by Livesey et al.
, the available carbohydrate content was shown to have an impact on glycaemic control, even if it was weaker than GI or GL. In the present study, the lower glycaemic response at lunch associated to the lower glycaemic response at breakfast is consistent with results from previous studies (6 -8,14,34) . A study comparing the effect of the GI and indigestible carbohydrateresistant starch and dietary fibre content of cereal-based breakfasts on day-long glucose tolerance at a second meal (lunch) concluded that the content of fermentable carbohydrates per se did not influence second-meal glucose tolerance (7) . This beneficial effect has been allocated for some part of the ability of certain carbohydrates to produce slow and sustained glycaemia. This could be compared to the present study in which the reduced glycaemic response was associated with the decreased appearance of exogenous glucose. The significant positive correlation found between glucose response to the breakfast (T0-270 min AUC) and glucose response to the standardised lunch (T270-480 min AUC) showed that the kind of breakfast ingested can impact on the glucose tolerance in the short term. This is in accordance with results from a previous study by Nilsson et al. (34) . The authors tested glucose tolerance and response to breakfasts differing in GI and indigestible carbohydrate and found a positive correlation between the glucose response to breakfast and the glucose response to lunch, as in the present results, but a negative correlation between glucose before the start of the lunch and the glucose response to lunch. They concluded on the major input of GI on this second-meal effect, with an independent effect of colonic fermentation. The GI was in fact a major determinant of second-meal effect in both Nilsson's and our own study, but we did not find the same impact of glucose concentration just before the second meal.
In the present study, the metabolic effect of LGI v. HGI diet was investigated over 5 weeks. Interestingly, after the 5-week dietary intervention, a significant decrease in GI was obtained in the LGI group, by replacing usual starchy products in diet by LGI products. This showed that it is possible to implement such a dietary intervention based on simple dietary advice and a few LGI products. These modifications in the mean GI of diet in the two groups did not affect the intake of other nutrients, either in quantity or proportion. It should be noted that in the LGI group there was also a trend to a decrease in hunger sensation between meals (18) . This effect may be due to the consumption of food richer in dietary fibre and thus more satiating in this group (35) . The mean GL of food in the LGI group decreased in parallel to the mean GI and it is difficult to distinguish the effects due to GI and/or GL, as already underlined in other studies (5) . Following the 5-week dietary intervention, no significant effect was noticed on baseline glucose and insulin concentrations. This is consistent with conclusions of Livesey's (5) meta-analysis, in which the authors concluded that LGI products could have an effect on baseline glucose tolerance parameters in subjects with baseline glycaemia . 5 mM or with poor glucose control. Concerning the post-breakfast glycaemic response, the difference between the groups (LGI v. HGI) was maintained over the 5 weeks (no significant group £ time interaction) but tended to decrease over time. Indeed, at day 36, post-breakfast AUC and iAUC were lower in the LGI group but this was not significant. The two cereal products still differed significantly in term of exogenous glucose appearance in plasma, but the endogenous production was not significantly different between the groups. However, at day 36, the glycaemic response to lunch remained correlated to the glycaemic response to breakfast. But in the LGI group, insulin response to the lunch was significantly higher. Thus, the lowest glycaemic response at lunch associated to the lowest glycaemic response at breakfast (potential secondmeal effect) was maintained over weeks but this seems to be at the expense of the insulin profile. One hypothesis could be that the LGI group may present an improvement in b-cell function, as it has been demonstrated by Wolever et al. (13) . But, when assessed by homeostasis model assessment b-cell function, no difference was found in b-cell function between the groups and over time (data not shown). Several papers have reported long-term beneficial effects of low-GI foods on glucose metabolism and insulin sensitivity in type 2 diabetic subjects and healthy subjects (5,36 -38) . Moreover, the reduced glycaemic response induced by LGI products could present a potential beneficial effect on oxidative stress with a reduction of glucose excursion, as already shown (39) . In the present study, the 5-week dietary intervention may have equalised glycaemic profiles by regularising breakfast intake in both the groups and thus tended to balance the difference between LGI and HGI metabolic effects.
LGI foods were thought to potentially promote fat oxidation compared to carbohydrate oxidation, through their action on insulin response (40, 41) . But the present results did not show any major change of nutrient oxidation and of respiratory exchange rate following GI modification. Reviewing the GI effects on nutrient oxidation (short-, mid-and long-term), Diaz et al. came up with the statement that fuel partitioning was not affected by different glycaemic features (42) . The metabolic changes induced by a LGI intervention seemed insufficient to initiate a significant effect on lipid oxidation.
In conclusion, modulation of postprandial glucose availability at breakfast is shown to be an important factor in daylong metabolic control in healthy subjects, as it decreases plasma exogenous glucose appearance and improves glucose control at subsequent lunch. After 5 weeks, such acute effects on glucose metabolism were maintained but remain to be confirmed in the longer term.
